Abstract The kidney possesses the capacity to repair after an acute insult, even one that causes complete organ failure. This regenerative response is characterized by robust proliferation of epithelial cells, principally those located in the proximal tubule. Because defining the origin of these reparative cells has important consequences for stem cell and regenerative approaches to treating kidney injury, this area has been the subject of intense investigation and debate. While progress has been made in narrowing the possible origin of these cells to an intratubular source, there has been no consensus between the possibility of a pre-existing intratubular stem or progenitor cell versus the possibility that fully differentiated epithelial cells re-enter the cell cycle after injury and generate new proximal tubule cells through self-duplication. This review will summarize the evidence on both sides of this active controversy and provide support for the notion that no preexisting proximal tubule stem cell population exists, but rather all differentiated proximal tubule epithelia have the capacity to proliferate during repair by a mechanism of dedifferentiation and self-duplication.
Introduction
Acute kidney injury (AKI) is defined as the rapid worsening of kidney function within several hours to weeks [1] . For many years, it was believed that if a patient survived an episode of AKI, their kidneys made a full recovery. However, recent publications have conclusively shown that patients who survive an episode of AKI are at a much greater risk of future development of chronic kidney disease (CKD) [2, 3] . One theory holds that this risk reflects failed, or maladaptive, epithelial repair, which eventually leads to interstitial fibrosis and CKD [2] [3] [4] . In order to develop targeted therapies that promote kidney repair after an acute injury, and prevent maladaptive repair and the risk of future CKD, it is critical to understand the origins of kidney cells responsible for repair after injury.
The outer medulla is injured most severely in ischemic insults, both in humans and rodents, because this region is exposed to severe and persistent hypoxia during ischemia [5, 6] . The outer medulla contains the S3 segment of the proximal tubule, the medullary ascending limb, and medullary collecting ducts [6, 7] . Both proximal and distal nephron segments are injured in AKI, and indeed in human AKI both a proximal biomarker (kidney injury molecule-1, KIM-1) and a distal tubule marker (neutrophil gelatinase-associated lipocalin, NGAL) are elevated soon after injury. In rodent AKI models, the predominant injured part of the nephron is the S3 segment of the proximal tubule and expands toward the outer parts of the nephron according to the duration of ischemia [7, 8] .
While mouse IRI is the most utilized model of human AKI in use today, differences between rodent and human AKI are notable. In human AKI, tubular necrosis is patchy and focal, not frankly necrotic as is seen in the mouse. In addition, there is more distal tubule injury in human AKI than in the mouse kidney IRI model. Despite these differences, mouse kidney IRI is a critical tool for studying AKI pathophysiology that has been described as "imperfect but indispensable" [9] . A full discussion of these differences is beyond the scope of this article, but the topic has been reviewed previously [7] .
During homeostasis, the rate of renal tubular epithelial cell turnover is very low [10] . However, after an ischemic or toxic insult, there is a rapid (within 24 h) burst of proliferation among proximal tubule epithelial cells, particularly those in the S3 segment, where most kidney damage occurs. The proliferative index for proximal tubule cells in this segment can increase from 1 in 200 before injury to 1 in 2 cells in the cell cycle 24-48 h after injury [11] . Based on observations that the proliferating cells express certain mesenchymal cell markers like vimentin and developmental cell markers like Pax2, it has long been felt that these proliferating proximal tubule cells originated by the dedifferentiation of epithelial cells to a more primitive developmental state, followed by proliferation [12] . However, during the last decade, a number of reports challenged this model, suggesting that proliferating epithelia arise from cells outside the kidney, such as hematopoietic stem cells (HSCs) or mesenchymal stem cells (MSCs), or alternatively from adult resident kidney stem or progenitor cells, either within the interstitium or within the tubule itself [13] .
Genetic lineage analysis using a Six2-Cre driver, in which all epithelial cells within the nephron were labeled followed by a cycle of injury and repair, revealed no contribution from (unlabeled) extratubular cells [14] . There is good agreement on this point today. While MSC have known therapeutic effects in AKI, most investigators agree that these arise through paracrine effects [15] [16] [17] [18] . On the other hand, there is little agreement about whether an intratubular stem or progenitor might exist, since the original lineage analysis we performed using Six2-Cre would have labeled both differentiated proximal tubule cells and any putative progenitors. Both sides of this controversy are summarized below.
Evidence for intratubular stem cells
By definition, stem cells possess two qualities: they self-renew and they also have the capacity to differentiate into other cell types by asymmetric cell division [19] . By contrast, progenitor cells are more differentiated, possess a limited proliferative capacity, and may be unipotent [20] . The critical question is whether such cells exist prior to injury in adult kidney. A variety of reports have characterized potential markers for stem/progenitor cell populations within the tubule. Maeshima et al. identified a slowly cycling cell population in the normal rat kidney [21, 22] . These tubular "label-retaining cells" (LRC) retained BrdU labeling after a BrdU pulse was administered by osmotic pump followed by 2-week chase period. Tubular LRC were scattered among nephron segments. These LRC actively proliferated during the repair process, suggesting that label-retaining cells made a specific contribution to repair. On the other hand, there was little else besides label retention that distinguished these cells from their neighbors, raising the possibility that they simply happened to divide during the BrdU pulse, since there is a low, basal rate of cell proliferation during kidney homeostasis.
Oliver et al. utilized a different BrdU pulse-chase protocol (a pulse after birth followed by a long chase) and identified LRCs in the renal papilla, both the interstitium and in tubules, proposing this location as a kidney stem cell niche [23] . These cells are quiescent under normal conditions, but after transient ischemia, they enter the cell cycle, indicating active proliferation. In other experiments the same group showed that dyelabeled papillary cells migrated toward the upper papilla and contributed to renal repair after transient ischemia [24] . By contrast, we could not detect cell cycle re-entry or migration of these LRC after ischemia-reperfusion injury [25] . Kitamura et al. microdissected different segments of the nephron and isolated the cells with robust proliferative capacity from the S3 segment of the proximal tubule. In culture, these cells possessed an immature tubule phenotype including Pax-2 expression, and they had the capacity to differentiate into tubular cells of various nephron segments; proximal tubule, loop of Henle, and distal tubules [26] . These findings indicate that a cell population within the S3 segment of the proximal tubule exhibits a multipotent phenotype during in vitro culture. Whether these cells possess the same plasticity in vivo remains a matter of debate.
Using a Cre driver under control of the nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1), Langworthy et al. proposed that NFATc1-expressing proximal tubular cells might be an intratubular progenitor subpopulation after injury [27] . After crossing this transgenic mouse line against the LacZ reporter mice, they induced the acute kidney injury by HgCl2 injection. An increase in LacZ-positive tubular cells was observed 5 days after the insult, and there was a further increase by day 10. These NFATc1-positive cells were resistant to apoptosis and proliferated after injury, suggesting that they might represent an intratubular progenitor population. On the other hand, if NFATc1 is a marker of epithelial dedifferentiation or injury, these results could alternatively be interpreted to support a self-duplication model and not a stem cell model-particularly given the fact that NFATc1 expression is not observed in an uninjured tubule.
The most intriguing recent developments in this area concern a distinct population of single cells scattered throughout the human proximal tubule characterized by co-expression of two stem cell markers: CD133 and CD24 [28] . Ex vivo, these CD133+ CD24+ cells are multipotent and can differentiate into various renal cells, osteocytes, adipocytes, endothelial cells and stromal cells under defined culture conditions [28, 29] . Renal CD133+ CD24 cells can be divided into three subsets according to their marker pattern and their nephron localization [30] [31] [32] . CD133+ CD24+ podocalyxin (PDX) + and CD106+ cells localize at Bowman's capsule, close to the vascular pole, and apparently differentiate into podocytes [30, 31] . CD133+ CD24+ CD106+ PDX− cells localized at the urinary pole of Bowman's capsule and the proximal tubule just emerging from the glomerulus can differentiate into both podocytes and tubular epithelial cells [31, 32] . CD133+ CD24+ CD106− PDX− cells are scattered among the proximal and distal tubules and can be differentiated only into tubular epithelial cells, suggesting that they might be unipotent tubular progenitors [31, 32] .
Electron microscopy has proven that these CD24+ cells possess a unique morphology compared with fully differentiated proximal tubule epithelia. They have less cytoplasm, fewer mitochondria and a complete absence of brush border [33] . Isolated CD133+ CD24+ cells have a greater capacity for proliferation than CD133− CD24− cells and are resistant to cell death [31] . When CD133+ CD24+ cells are injected into the kidney of severe combined immunodeficient (SCID) mice with acute kidney injury, they ameliorate injury and appear to become incorporated into tubular structures [28, 31] . These studies have not been performed using genetic lineage analysis, however, which is the gold standard for tracking cell fate in this type of experiment; thus, these results await confirmation.
Despite these findings, published by several independent groups, it is still unclear whether these cells are a pre-existing progenitor population or alternatively transiently dedifferentiated cells due to local tubular injury or homeostatic self-renewal. In support of this latter possibility, Smeets et al. recently showed that CD133+ CD24+ cells also coexpress kidney injury molecule-1 (KIM-1) and the mesenchymal marker vimentin [33] . Lindgren et al. also showed that CD133+ cells co-stained with vimentin [34] . Since KIM-1 and vimentin are markers of cell injury, these results argue that these cells are not pre-existing progenitors, but rather individual injured epithelial cells that arose from fully differentiated cells.
Complicating these studies, CD24 and CD133 protein cannot be measured in mouse kidney. The cell surface protein CD133 was originally identified on CD34+ hematopoietic stem cells [35] and is also expressed in various cancer stem cells [36] [37] [38] . Several monoclonal antibodies have been developed, but the most commonly used antibodies, AC133 (CD133/1) and 293C/AC141 (CD133/2), recognize a distinct N-linked glycosylated epitope of the CD133 protein [39] . Kemper et al. proposed that the cancer stem cells might contain highly glycosylated CD133, whereas the glycosylation reduced according to the differentiation [40] . These two antibodies were also used in previous reports concerning renal progenitors [28, 33, 34] , but they cannot be used on rodent tissues [41, 42] .
It should be noted that CD133+ CD24+ cells can be found in human, pig, and chimpanzee, but not in rodent kidney [43] . This raises the possibility of a difference in the fundamental mechanisms of tubular repair between mammals. It has been speculated that this difference between species might be attributed to the body size and longevity and that smaller animals like rodents might not require the progenitor population to maintain homeostasis under normal conditions [42] .
Dedifferentiation of fully differentiated tubular epithelial cells after injury
The traditional concept for kidney repair after injury is that surviving tubular epithelial cells dedifferentiate, proliferate, and eventually replace the neighboring cells that were lost by the acute insult. [1, 11, 12] . Vogetseder et al. showed that the bulk of proximal tubular cells in the S3 segment are in the G1 phase of the cell cycle, and strong mitotic stimulation accelerated the re-entry into the cell cycle, contributing to renal repair [44] . Importantly, they showed that these cells in G1 are fully differentiated epithelia-not a minority population that does not express markers of terminal differentiation. As alluded to above, we previously demonstrated that surviving tubular epithelial cells are responsible for kidney regeneration after injury using a genetic fate-mapping technique with Six2-GFPCre transgenic mice. The Six2 gene expression is observed only in metanephric mesenchymal cells that are fated to become renal epithelia, not interstitial stromal cells [45] . Using Six2-GFPCre transgenic mice, more than 90 % of tubular cells, not interstitial cells, were genetically labeled. After a cycle of injury and repair, there was no dilution of labeling within the tubule [14] . Importantly, there was no reexpression of Six2-GFPCre either, as assessed by PCR and immunohistochemistry for endogenous Six2 and GFP, since this could have labeled previously unmarked cells, confounding the analysis. Since no interstitial cells were labeled with this strategy even after the injury and repair [14] , this finding excluded the possibility of an extratubular stem/progenitor population that could contribute to renal repair.
To address the possibility that a pre-existing, intratubular stem or progenitor cell might account for repair after injury [42, 46] , we next performed lineage analysis of tubular epithelial cell proliferation by the sequential pulsing of distinct thymidine analogs [25] . If an intratubular stem cell is responsible for repair, then this rare population will become activated to divide after injury, producing a population of "transit-amplifying cells" that arise from stem cells and divide rapidly for a finite number of times until they differentiate into proximal tubule epithelia. This experiment revealed that different populations of epithelial cells were proliferating at 24 vs 48 h after injury, which is not consistent with a rapidly proliferating, stem cell-derived transit-amplifying population. Instead, it suggests that any surviving cell after injury might be capable of cell division and that proximal tubule repairs by selfduplication. It remains formally possible that pre-existing intratubular progenitors, if they exist, could be resistant to injury and preferentially survive compared with normal tubular epithelial cells [31] . In this case, it may not be necessary for these progenitors to proliferate rapidly after injury, because they might constitute the bulk of surviving cells [42] . To formally address this possibility, we recently performed lineage analysis of fully differentiated proximal tubule epithelial cells to ask whether they are capable of proliferating after injury.
Direct evidence that terminally differentiated tubular epithelial cells contribute to repair
A critical piece of evidence missing from the current debate is a lineage analysis of terminally differentiated proximal tubule cells after injury. The dueling hypotheses on renal repair offer very distinct predictions concerning the fate of such cells after acute injury. The stem cell hypothesis holds that these differentiated cells would die, and would not proliferate after injury; therefore, the number of genetically labeled cells would decrease after injury and repair, since the CD24+/CD133+ cells would not have been labeled, and would preferentially proliferate after injury. By contrast, the self-duplication hypothesis predicts that genetically labeled differentiated epithelial cells would proliferate after injury, and the fraction of genetic label within the tubule would remain constant (Fig. 1) . To perform such an experiment, we generated a knock-in mouse with
CreERT2 under the control of the SLC34a1 locus (Fig. 2a ) [47] . SLC34a1, the sodium-phosphorus co-transporter, is expressed on the apical side of terminally differentiated proximal tubular epithelial cells, especially in the S1 and S2 segments [48] .
After sparse labeling of terminally differentiated tubular epithelial cells by low-dose tamoxifen injection (Fig. 2b) , if terminally differentiated cells participate in the repair process after injury, the clone size of the labeled cells will expand. But if (unlabeled) progenitor cells contribute to renal repair, the clone size will not expand. Fourteen days after 35 min IRI, the clone size of labeled cells expanded in both the inner and outer cortex, and some clones had more than five cells (Fig. 2d) . This result indicates that terminally differentiated cells actively proliferate and directly contribute to tubular repair after injury [47] . To investigate whether an undifferentiated progenitor population could contribute to proximal tubular repair at all, complete recombination of terminally differentiated cells was induced by high-dose tamoxifen injection (Fig. 2c) . If an unlabeled progenitor population participates in tubular regeneration after injury, the proximal tubule label will be diluted after repair. If terminally differentiated tubular epithelial cells contribute to renal repair, then label will remain complete. Seven days after 35 min IRI, the fraction of labeled proximal tubular epithelial cells did not change, indicating that only terminally differentiated cells contributed to renal repair (Fig. 2d) . Labeled cells also stained positively with vimentin and Pax2 after injury, whereas no positive staining of these molecules in uninjured tubules was observed, indicating that terminally differentiated cells undergo dedifferentiation during repair. Fig. 1 Concepts for the cellular origin of tubular regeneration after injury. a After the injury, terminally differentiated cells dedifferentiated and flattened, then proliferated and migrated to cover the denuded tubular basement membrane, and eventually re-differentiated to the terminally differentiated cells. b After the injury, the cells from outside migrate through the tubular basement membrane, and thereafter differentiate to the site-specific tubular epithelial cells. c The progenitor population scatters among the tubule under normal conditions. After injury, only these cells can proliferate and migrate to cover the denuded tubular basement membrane, and eventually some of these differentiate to the terminally differentiated cells and the others remain as the progenitor population Summary A better understanding of the mechanisms of tubular repair after injury is required to develop therapeutic strategies for AKI. This remains a contentious field, but recent findings suggest that proliferation of fully differentiated proximal tubule cells after injury represents the predominant mechanism of repair. Since these dedifferentiated cells appear to have special properties ex vivo, including resistance to cell death and multipotency, an important future challenge is to understand how epithelial dedifferentiation might "reprogram" these cells to confer regenerative properties. tomato/+ mice. a Temporal labeling of the terminally differentiated cells using SLC34a1 GCE/+ mice. Cre recombinase allele to which the ligand binding domain of the estrogen receptor (ER) is fused (CreER). CreER is normally located in the cytoplasm, but once exogenous tamoxifen binds to the ER, CreER translocates into the nucleus. CreER deletes the floxed STOP sequence and reporter gene (tdTomato) transcription occurs. Eventually, terminally differentiated tubular cells express tdTomato and this genetic labeling is permanent, even if the cell loses the phenotype of terminal differentiation. b Rationale for clonal and dilution analysis. Recombination by tamoxifen in SLC34a1 GCE/+ mice was induced only in "terminally differentiated" proximal tubular epithelial cells, not in the "progenitor population." For clonal analysis, we first induce single cell labeling in the terminally differentiated proximal tubular epithelial cells using low-dose tamoxifen and then evaluate the clone size after injury. If terminally differentiated cells contributed to the renal repair, the clone size will expand (solid arrow in the repair process). For dilution analysis, we first induce complete cell labeling in the terminally differentiated proximal tubular epithelial cells using high-dose tamoxifen and then evaluate the frequency of labeled cells after injury. If only terminally differentiated cells contribute to the renal repair, the labeling will remain compete (solid arrow in the repair). c Clonal analysis of SLC34a1 GCE/+ , R26 tomato/+ mice. In uninjured contralateral kidney, cells were labeled solely using low-dose tamoxifen (left panel). In IRI kidney, the clone size of the labeled cells expanded after repair (right panel). d Dilution analysis of SLC34a1 GCE/+ , R26
tomato/+ mice. In uninjured kidney, the proximal tubule was completely labeled. After injury and repair, complete labeling remained. In addition, after injury, genetically labeled tubular epithelial cells co-stained BrdU for labeling the cell division during repair, indicating that proliferated cells came from labeled terminally differentiated cells
